results are consistent with bimodal affinity distributions for Pb(II) binding, whereas fluorometric 23 titrations are explained by monomodal distributions. EEM analysis is consistent with three independent 24 components in the humic fluorescence response, which are assigned to moieties with different degree of 25 aromaticity. All three components show a similar quenching behavior upon Pb(II) binding, saturating at 26 relatively low Pb(II) concentrations. This is attributed to metal ion induced aggregation of humic 27 molecules, resulting in the interaction between the aromatic groups responsible for fluorescence; this is 28 also consistent with IR spectroscopy results. The observed behavior is interpreted considering that initial 29 metal binding (observed as strongly binding sites), correspond to bi-or multidentate complexation to 30 carboxylate groups, including binding between groups of different humic molecules, promoting 31 aggregation; further metal ions (observed as weakly binding sites) bind to single ligand groups. 32 KEYWORDS Potentiometric titration; fluorescence spectroscopy; IR spectroscopy; metal-humic 33 binding; affinity spectra. 34
Introduction 36
Humic substances (HS) are important components of natural organic matter (NOM) in groundwater 37 and soils 1, 2 HS interact with other chemical species in the natural environment, in particular binding 38 heavy metal cations. [3] [4] [5] Among different experimental studies, equilibrium binding data, usually titration 39 curves, have been reported and modeled.
3,6-8 Recently, the electrostatic behavior of HS was treated 40 through the elastic polyelectrolyte network model (EPN) 9 which allows for expansion and shrinking as 41 the HS charge changes; it can be combined with the NICA 10 intrinsic isotherm, resulting in the NICA-42 EPN model which has been applied to proton binding to HS. 9 Fluorescence spectroscopy is an useful 43 tool in the study of metal binding to HS. 4, 11 In the last years, excitation-emission matrix (EEM) 44 fluorescence spectroscopy with parallel factor analysis (PARAFAC) was successfully applied for the 45 identification and characterization of NOM. Titration data was analyzed using the NICA isotherm for the intrinsic affinity 7 and the Elastic 60 Polyelectrolyte Network (EPN) submodel 9 for the electrostatic contribution. In the NICA-EPN model, 61 4 the amount bound of species i per unity of mass in the presence of species j is given by 62 1   ,  ,  int  int  int  max,  ,  max,  ,  1  ,  1  1  1 
where ϑ i,k (a i ) is the fraction of type k sites occupied by species i, given in the NICA isotherm by 64 ( )
( ,... ,..., )
In eqs 1 and 2, N is the number of species binding to the HA, M the number of sites, Q max the total 66 number of sites per unity of mass, Q max,k the same for type k sites (assuming 1:1 binding), q k the fraction 67 of type k sites (Q max,k = q k Q max ), n i,k the nonideality parameter for species i on type k sites, (n 1,k being for 68 H + ), p k is the heterogeneity parameter of type k sites and , i k K is the average binding constant of species i 69 on type k sites. Two site types are considered: low affinity (k = 1, attributed to carboxylic groups) and 70 high affinity (k = 2, usually attributed to phenolic groups), 7,19 so M = 2, and for binding of a metal cation 71 in the presence of protons N = 2. 72
As it is widely accepted, HS are actually composed of relatively small molecules and molecular 73 fragments (as opposed to a macromolecular/polymeric view) which are entangled and/or bound by 74 diverse forces, like hydrogen bonding, metal ion bridging, van der Waals interactions, etc. forming 75 particles of supramolecular nature which can shrink and swell. 20, 21 In the EPN model, 9 these HS 76 particles are treated, from a purely mechano-statistical point of view, as an elastic network which can 77 exchange ions and solvent with the surrounding solution; further, the particles are considered as divided 78 in two fractions: an inner fraction g f , which behaves as a gel in Donnan equilibrium with the bulk 79 solution, and an external fraction 1 -g f . The humic binding sites outside the gel are in equilibrium with 80 the bulk solution, whereas those inside the gel are in equilibrium at the internal ionic activity, a j int , 81 which is given by 82 
where Q is the net charge of the humic particle, δ the density of the dry humic substance (following 87 Dinar 22 δ = 1.5 g cm -3 ), I the ionic strength, and ϕ 2 is the volume fraction of the HS in the gel, obtained 88 from the swelling equilibrium condition:
where v 1 is the water molar volume, v 2 is the average molar volume of a humic equivalent chain, χ is a 91
Van Laar heat of mixing parameter and f P is the Flory functionality, 23 which was set equal to 3. Q i,el is 92 the excess amount of species i electrostatically bound in the gel phase: 93
where c i int and c i are the concentrations of species i in the gel and the bulk solution, respectively. The 95
Davies equation was employed to calculate activity coefficients throughout; it was verified that the ionic 96 strength inside the gel was always within its validity limit (I < 0.3 M). 97
As it is well known, 7 eq 2 reduces to a Langmuir-Freundlich isotherm for non competitive (H + ) binding: 98
where m H,k = n H,k p k . 100
Also, conditional affinity distributions can be obtained using constrained regularization methods. 24 If the 101 proton affinity spectrum g(log K H ) is known, a conditional metal affinity distribution f(log K M ) can be 102 estimated solving numerically the equation (assuming uncorrelated proton and metal affinity spectra):
where Q M is the amount of metal bound. 105
106

Materials and methods 107
The HAs employed were a purified Fluka humic acid (FHA) and IHSS standard Elliot soil humic acid 108 (EHA); these HS have been characterized in the literature, as presented in Table S1 recorded. UV-Vis spectra were also recorded to check the onset of humic flocculation. IR-ATR 118 spectroscopy measurements of HA-Pb complexes were performed following usual techniques, 27,28 using 119 the electrolyte spectrum as reference to obtain the difference spectra. Experimental details are given in 120 Appendix A, Supporting Information. 121
The data treatment was, briefly, as follows. First from acid-base titration data the humic charge as a 122 function of pH was computed and fitted to the NICA-EPN model, using a constrained Levenberg-123 Fluorometric titration data was converted to relative fluorescence quenching, θ F , defined as: Table 1 , falling in the ranges reported in the literature; 19 ,30 also included are the total sites 142 (Q max ) and the electrostatic parameters g f , χ and v 2 . The proton binding constants found for low affinity 143 sites are close to typical values for isolated carboxylic groups. For the high affinity type sites our results 144 are close to the pK a for phenol (9.8); it has been reported that in HS most phenolic OH groups are 145 isolated 31,32 which is consistent with these results. 146
The electrostatic parameters g f and χ are similar to those reported previously; 9 the first one represents 147 the part of the humic particle where the electrostatic potential is on average equal to ψ D , being about half 148 of the binding sites, whereas a positive value for χ corresponds to a repulsive heat of mixing humic-149 water, which is expected because HS have a significant fraction of non polar groups. There are 150 significant differences in v 2 , quite low for EHA and high for FHA; this parameter is the molar volume of 151 the equivalent chain segments in a network representing the humic particle, thus the results found would 152 indicate that FHA is relatively less entangled whereas EHA would be highly entangled. 153 8 
. 156 157 Figure 1 shows the results for the HA-Pb titrations with good agreement; the generic NICA-Donnan 158 (ND) 19 predicted curves being also shown for comparison. The pH dependence is similar to that reported 159 by Milne et al. 3 and references therein. The influence of I has been much less studied; here it is observed 160 that the curves at different ionic strengths merge as Pb(II) activity increases; some literature studies 161 show similar behavior: Cu binding to Suwannee River fulvic acid, 33 Am complexation with Gohy-573 162 humic acid, 34 and Cu complexation with Sable silt loam HA 35 . The NICA-EPN model predicts well this 163 dependence, whereas the generic ND curves are nearly parallel. Table 1 Figure S2, Supporting Information) . In all cases, the lowest emission 186 intensity observed was taken as I F ∞ in eq 9 to compute θ F . This quenching has been observed by a 187 number of researchers and for several cations.
11,43 Along the titrations, the absorbance spectra of the 188 HA-Pb solutions were checked. It was found to remain unchanged until the appearance of flocculation 189 and/or precipitation, were the absorbance started to decrease ( Figure S3 with the higher wavelength, the spectra showing only a small dependence with pH and ionic strength; 215 Table S2 (Supporting Information) collects the average peak emission and excitation wavelengths for 216 FHA and EHA. The maxima location is related to the fluorophore structure:
18,51 the higher the degree of 217 conjugation, the higher the excitation wavelength; this suggests that the A component is the more 218
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Environmental Science & Technology aromatic, with aromaticity decreasing in the B and C components. The component C is also observed in 219 fulvic acids. 52 The three have spectral characteristics consistent with the operationally defined humic 220 acids by Chen et al. 53 based on pyrolysis results. 54 The quenching efficiency for these components lies in 221 the same order: the more aromatic is more efficiently quenched. In similar studies with dissolved 222 organic matter and aquatic HS, 13 fluorophores were reported, 55 including aminoacid-like components 223 with emission λ em,max ≤ 350 nm; one of such fluorophores (tyrosine-like) was found 56 to give high 224 deviation from linearity in inner filter effects for A 254 (the absorbance at 254 nm ) > 0.3, all the rest 225 showed low deviations up to A 254 ≅ 1.0. In this study, no such fluorophore is found; moreover, the 226 fluorescence titrations are treated as relative values (eq 9) and the HA concentration and the full 227 absorbance spectra are constant in the measurements, thus the correction should be the same for all data, 228 even being nonlinear. Consequently, the PARAFAC resulting spectra were corrected for inner filter 229 effects. In view of the above considerations, the results shown in Figure 5 should be considered as 230 semiquantitative. 231 Information). It is seen that component A has the higher scores and shows greater quenching, followed 234 in both aspects by B and then C. Usually, the behavior is similar for all three components; in some 235 cases, the component C shows no observable quenching. No essential differences are found between 236 components; similar results were found by Yamashita and Jaffé. IR-ATR spectra. In Figure 6 the spectra of EHA in the absence and presence of Pb(II) are shown; as 239 detailed in Appendix B (Supporting Information) the 4000-3000 cm -1 was recorded with lower 240 sensitivity due to water band saturation, thus presenting higher noise. The bare EHA spectrum is typical 241 of HS, 2 having relatively broad bands resulting from the multiple chemical environments of the 242 absorbing groups. Here, we will discuss mainly the carboxylic C=O stretching at 1720 cm - Affinity spectra. Figure 7 shows the affinity spectrum for Pb(II) binding to EHA corresponding to the 267 NICA fitting results shown in Table 1 , compared with the conditional spectra for fluorometric 268 measurements obtained solving numerically eq 8; similar results are obtained for FHA ( Figure S8 , 269 Supporting Information); Figure S9 (Supporting Information) shows the NICA affinity distributions for 270 protons. These are bimodal distributions with peaks at log K Pb values ~0.5 for the low affinity sites, 271 being for high affinity 5.8 for FHA and 9.8 for EHA. On the other hand, fluorometric results show 272 monomodal distributions peaking at ~5 for FHA and ~6-7 for EHA, roughly coincident with the higher 273 affinity peak from the potentiometric experiments. This suggests (considering also IR results) that 274 fluorescent quenching is sensing only high affinity sites for Pb(II), whereas potentiometric analysis finds 275 two types. Comparison of potentiometric and fluorometric measurements has been conducted by several 276 researchers, 4,43,61,62 usually finding that metal binding quenches the HS fluorescence; however, it was 277 noted that both techniques do not sense the same complexation phenomena:
4 for Cu binding to fulvic 278 acid, it was observed that the two measurements agreed only at low levels of copper loading, 61 which is 279 consistent with our findings. Also, Saar and Weber found poor agreement between potentiometric and 280 fluorometric measurements for Pb. 43 These binding sites are expected to be, given the IR results, 281
carboxylates; this is also consistent with the fact that carboxylate groups are known to form stable 282 complexes with Pb(II) 63 whereas phenol groups are not expected to bind Pb(II) at the present pH 283 values. 64 There are a number of studies which seek to obtain binding constants between metal cations 284 and humic substances from fluorescence measurements, based on the assumptions of 1:1 binding and 285 that fluorescence was detecting all types of binding sites. 46 However, as already observed by Senesi, 4 the 286 two techniques are not equivalent and, as found here, fluorometry senses only the strongly binding sites. is usually important at concentrations several orders of magnitude higher. 65 Furthermore, attempts to 299 deduce quenching parameters by usual methods 51 from these plots lead to unreasonably high values for 300 the dynamic quenching constant. Thus we conclude that static quenching is present in this case, as found 301 before for other metal-HS systems. 4 The effect could be due to different causes; 51 for HS it has been 302 attributed to intersystem crossing; 4 that is, enhanced transference from the singlet excited state to the 303 triplet ground state. Aromatic carboxylic acids show usually this type of quenching. 4, 46, 61, 66 However, in 304 the case of HS this is not necessarily true: some studies 66 show that complexes of model compounds 305 with heavy metal ions (such as Tb(III)) show quenching whereas binding of the same cation to HS does 306 not. Furthermore, a molecular quenching mechanism such as intersystem crossing would require the 307 carboxylic groups to be directly bound to the fluorescent aromatic groups, but this is not necessarily the 308 case: on one hand not all the fluorescent aromatic groups would have a carboxylic substituent, and on 309 the other not every carboxylate would be attached to a fluorophore group.
1,2,4 Thus, we propose as an 310 alternative quenching mechanism the aggregation of humic molecules induced by Pb(II) binding. 311
Quenching by dimerization of aromatic and highly conjugated substances is well known 67,68 and shows 312 increasing efficiency at higher wavelengths, as it is observed here; on the other hand, aggregation of HS 313 by cation binding is well known. 69 Starting from this assumption, the quenching can be rationalized in 314 the following way, considering the process schematically depicted in Figure 8 . When Pb(II) is added, it 315 first binds in bidentate form promoting aggregation by bridging two humic molecules; one or several 316 metal ions are expected to participate in the bridging. This process corresponds to the high affinity part 317 of the spectrum, which is thus assumed to correspond to bidentate complexation, but not necessarily all 318
Pb(II) bound in this way participate in bridging. Further increase in Pb(II) concentration results in singly 319 coordinated binding to carboxylate groups, corresponding to the low affinity part. 320
The process for the high affinity sites, which causes quenching, can be written as 321 (11) 322 where n is the average number of Pb 2+ ions bridging humic molecules, considering the HA 323 heterogeneity. The reaction will have a conditional equilibrium constant given by 324 in general, the C component in some cases show a less satisfactory fitting, but it can be due to its lower 336 intensity, resulting in higher errors. EHA data shows similar fitting ( Figure S11 , Supporting 337 Information). All FHA curves are fit with n = 1.6, whereas EHA fits with n = 1.3. Unfortunately, K and 338 F 0 cannot be separated, because the many unknown factors; the resulting values for their product are 339 presented in Table S3 , Supporting Information. 340
Thus, we conclude that fluorescence quenching is consistent with metal-induced aggregation of HS; 341 this aggregation proceeds at a molecular scale, to be distinguished of precipitation, however, more 342 experimental information is needed to confirm this mechanism. Other spectroscopic studies are 343 consistent with the present findings. Xia et al. 70 studied by X-ray absorption the interaction of Pb(II) 344 with a humic extract from a silt loam soil suggesting the presence of two C atoms in the second 345 16 coordination shell, which would indicate bidentate binding. A study by EPR measurements combined 346 with DFT analysis is consistent with a structure of Pb (II) bound to two carboxylates. 
